Performance and emission comparison of Karanja (pongamia pinnata), Pithraj (aphanamixis polystachya), Neem (azadira chtaindica) and Mahua (madhuca longofolia) seed oil as a potential feedstock for biodiesel production in Bangladesh 
INTRODUCTION
Rapid depletion of fossil fuels and strict emission regulations strongly forced researchers to explore renewable sources of energy. Biodiesel is one of the promising renewable energy options already exploited by researchers in different countries [1] [2] [3] [4] . Different categories of feed stocks as sources of suitable oil for biodiesel production include seeds, nuts, leaves, wood, and even bark of trees. At present, the world is highly dependent on petroleum fuels for generating power, vehicle movement, agriculture and domestic useable machinery operation and for running the different industries [5] . With technological progress and improvement of living standard of the people, the demand of the petroleum fuel increases simultaneously. But the reserve of the petroleum fuels are so evenly distributed that many regions have to depend on others for their fuel requirements. The price of the petroleum is also increasing day by day and the use of the petroleum fuel in engine produces harmful products which pollute the environment [5] . Due to the above
MATERIALS AND METHODS
Bangladesh imports around 90% of its petroleum from foreign countries. In this case, vegetable oils can play a vital role to meet the rapid increase in demand for petroleum for a developing country like Bangladesh. The study includes four promising seed oils which were collected locally from Rajshahi Division of Bangladesh. As of today, commercial production of biodiesel does not exist in Bangladesh though the agro-climatic conditions are favorable for the cultivation of these plants. The considered four seeds can be grown in low fertility fallow lands, hilly lands and also survive in low rainfall while having considerable amount of oil content compared to others. Moreover, these biodiesels can be prepared in economical ways. [22] reported that by planting jatropha curcas, Bangladesh can reduce importing a huge amount (25%) of petroleum products from foreign countries and planting pithraj can also save 21% of petroleum products. Figure 1 shows the seeds of the plants. Figure1 . Seeds of Pithraj, Karanja, Neem and Mahua.
The most important parameters relevant to biodiesel production are the free fatty acids (FFA) content and moisture content. The FFA content of vegetable oil will vary and depends on the quality of the feed stock [23] . During alkali catalyst based transesterification, the higher the FFA content of the oil, the more alkali is needed to neutralize the FFA and it leads to soap formation and the separation of products becomes difficult and as a consequence, low yields of biodiesel are produced [9] . Acid esterification are advantageous for oils having high FFA, as acid catalyzes the FFA esterification to produce fatty acid methyl ester (FAME), thus increasing the biodiesel yield, but reaction time and alcohol requirement are substantially higher than those of base catalyzed transesterification [8, 9] . In this study, biodiesel (BD) from karanja (Pongamia pinnata), pithraj (Aphanamixis polystachya), neem (Azadira chtaindica) and
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Performance and emission comparison of Karanja (pongamia pinnata), Pithraj (aphanamixis polystachya), Neem (azadira chtaindica) and Mahua (madhuca longofolia) seed oil as a potential feedstock for biodiesel production in Bangladesh 2970 mahua (Madhuca longofolia) seed oil was produced by acid esterification followed by transesterification process due to high FFA concentration in these vegetable oils feedstock. For acid esterification, H2SO4 was used as catalyst while methanol and NaOH were used as base catalysts for the transesterification process. The experimental setup is shown in Figure 2 . Firstly, the vegetable oils were filtered and pre-processed to remove water and contaminants, and then fed to the acid esterification process. For acid pretreatment, the oils were taken to the rounded flask where CH3OH and 1% H2SO4 were added to the flask and heated continuously for an hour [7, 8] . During heating and stirring the mixture, acid value and FFA concentration were tested. When the FFA concentration was less than 1%, the alkalized transesterification was then conducted with pre-treatment vegetables oil. In this process, different parameters including catalyst to oil ratio (w/w), CH3OH to oil ratio (w/w), and the reaction temperature were investigated. The acid value was found to be less than 2% and the FFA concentration was less than 1% at a methanol to oil ratio of 55 wt.%. It was also observed that the maximum biodiesel production, the volumetric percentage of CH3OH was kept constant at 22% and temperature was varied from 40°C to 55°C and the weight percentage of catalyst was kept at 0.5% [7] [8] [9] .
The experimental study was conducted by using a single cylinder water-cooled, naturally aspirated (NA) 4-stroke DI diesel engine. The specifications of the engine are shown in Table 1 . The flow rate of the fuel was measured by timing with a stop watch the consumption for known quantity of fuel (10cc) from a burette. The speed was measured directly from the tachometer attached with the dynamometer. The engine torque was measured by using rope brake dynamometer, which is coupled to the engine. The cooling water outlet and exhaust gas temperature were measured directly from the thermometer attached to the corresponding passages. An inclined water tube manometer connected to the air box (drum) was used to measure the air pressure. A high pressure mechanical fuel pump and a printle type fuel injector with a nozzle hole (nozzle diameter 0.25 mm) were used in the injection system. The fuel injection time was set at 24° BTDC. Initially, the engine was run by the diesel fuel for about 30 minutes to warm up and bring to stable condition. In that situation, emission and exit line temperature was uniform and it was A portable digital gas analyzer (IMR 1400) was used to measure the exhaust gas emission like CO and NOx. The detail specification of the IMR 1400 gas analyzer was given at Table 2 . The engine was running at different speeds ranging from 900 to 1400 rpm and then 1200 rpm was selected on the basis of maximum thermal efficiency. All the experimental data were taken for three times and the mean was used by running the engine at 1200 rpm and under different load conditions. 
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COMPARISON OF BIODIESEL PROPERTIES WITH NEAT DIESEL
The major properties of biodiesel include calorific value, diesel index, flash point, fire point, cloud point, pour point, density, and kinematic viscosity. The various physicochemical properties of diesel and biodiesel produced from pithraj, karanja, neem, and mahua seed are measured and presented in Table 3 for comparison. These properties were determined by following the established standards and compatible with the results concluded by several works [6, 7, 22, 24, 25] . It can be noted that the calorific value of mahua biodiesel is 17% less than that of diesel, while pithraj andneem oil has almost same calorific value but is 13% less than the diesel oil whereas karanja oil has the highest calorific value than that of the other three biodiesels. This might be due to the presence of oxygen atoms in the fuel molecule of biodiesel [26] . The kinematic viscosities of biodiesel are greater than the diesel oil but mahua oil has the viscosity close to diesel oil. The higher viscosity of biodiesel could potentially have an impact on the combustion characteristics because high viscosity affects its atomization quality [27] . The flash and fire points of the four seeds biodiesel are much higher than that of diesel, which makes biodiesel safer than diesel from ignition due to accidental fuel spills during handling. Pithraj oil, karanja oil and mahua oil have higher cetane number while neem oil has lower cetane index compared to diesel oil. The density of karanja oil, pithraj oil and neem oil is almost same but greater than mahua oil, which shows almost same value to that of diesel oil.
RESULTS AND DISCUSSION
Effect of Methanol Percentages on Biodiesel Yield
The transesterification process was performed to yield biodiesel from the neem, karanja, pithraj and mahua by keeping the catalyst NaOH concentration constant at 0.5%. From Figure 3 , it can be noted that the biodiesel yield was varied with the varying CH3OH concentration (ranging from 16% to 24%). The biodiesel yield was increased for all the non-edible seeds with the increase in CH3OH concentration up to a maximum nearly about 22% and then decreased steadily. This fact can be characterized by the increase of CH3OH concentration, whereby the rates of complete transformation of oil to biodiesel is increased and after exceeding the optimum CH3OH concentration level, it is found difficult to separate bio diesel from the water [28, 29] . However, the emulsification process gets complicated with the increasing CH3OH concentration as it has one OH group that contributes to more H2O production. The esterification reaction is presented as:
RCOOH + CH3OH = RCOOCH3 + H2O
Also, higher CH3OH concentration causes more reaction time with higher density. The maximum biodiesel yield that could be attained for the seeds under consideration was about 22% of CH3OH concentration (%wt) while the temperature range was varied from 40°C to 55°C. From the experimental data, it is obvious that the maximum biodiesel yield was obtained for the neem seeds due to its physiological properties, which correspond to previous research [7] [8] [9] .
Effect of NaOH Percentages on Biodiesel Yield
With the intention to investigate the effect of catalyst concentration on the biodiesel yield, the experiment was performed. The concentration of the NaOH catalyst was varied from 0.4% to 0.55% by % of wt. For the optimum biodiesel production, the volumetric percentage of CH3OH was kept constant at 22% and temperature was varied from 40°C to 55°C. Figure 4 illustrates that the biodiesel production increases with the increase in the catalyst concentration until it reaches a value about 0.48 wt% to 0.5 wt% and then decreases with a decrease in catalyst concentration. As the catalyst increases up to the maximum value, the biodiesel yield increases, which results in an increase in density and specific gravity [5, 30] . So, the Pithraj biodiesel has the highest density among the others under consideration and about 96 wt% is obtainable. This holds well with earlier reports [6, 7] . However, increasing amount of catalyst causes higher free fatty acids (FFA) and forms more wax and glycerol. Also, higher NaOH content results in soapinification reaction, which hampers biodiesel production [31] . Figure 4 . Variation of biodiesel yield with catalyst (NaOH) concentration (temperature=60°C).
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Effect of Reaction Time on Biodiesel Production (CH3OH = 22%
, NaOH = 0.5%) Figure 5 illustrates the variation of biodiesel yield through the transesterification process with the reaction time. It is observed that the biodiesel production increases with the reaction and the production level reaches a maximum when the reaction time is near about 15-17 hours. This is because the complete conversion of biodiesel requires sufficient time to accomplish with less wax and other impurities [8, 9] . The maximum biodiesel was extracted from the Mahua seeds and it was about 96% by weight and it had lower density than other biodiesel oils. Afterwards, as the reaction time is increased, the biodiesel yield is decreased gradually and agrees strongly to prior analysis [26] . This fact can be explained due to the formation of wax and other impurities with the increasing reaction time.Also, the methanol gets enough time to evaporate and thus hinders the biodiesel production as the reaction took place without pressurization. It is also noted that the volumetric percentage of CH3OH was kept at 22% and the weight percentage of catalyst was kept at 0.5%. Figure 5 . Effect of reaction time on biodiesel production (CH3OH = 22%, NaOH = 0.5%). 
Performance Study
The average effective cylinder pressure that does useful work calculated from the engine 'brake horse power (BHP)' is referred to as the "Brake Mean Effective Pressure or BMEP". It is a function of temperature of gases in cylinder. To obtain more heat energy, more fuel needs to be burnt. Meanwhile, torque is a function of BMEP and engine displacement. On the other hand, BHP is a function of engine speed and torque. The ratio of the work done during one complete engine revolution to the engine swept volume, gives the engine BMEP. Thus, BMEP measures the effective work output of the engine [6, 7] .
In equation (2), T refers to torque developed (N-m), N is the number of revolution per cycle (N=1 for two stroke engine and N=2 for four stroke engine), Vs is the swept volume (m).
The variation of the BSFC with neat diesel fuel and different biodiesel is depicted in Figure 6 . BSFC for various biodiesel decreases with the increases in BMEP and reaches it minimum value near BMEP 4 bar. At the initial stage, the BSFC decreases, which may be attributed to the complete combustion of fuel. After a while, the engine reaches the full load level and the time for complete combustion gets reduced and a slight rise in BSFC is observed. This fact can be explained as, the brake power of the engine increases with the load but the time needed for the complete combustion of a certain amount of fuel is increased. Thus, the BSFC decreased after attaining full load. Karanja oil has the lower BSFC than the other three types of biodiesel and close to diesel oil at BMEP 4 bar. From Figure 6 , it is clear for different engine loads that the BSFC is higher for all the biodiesels than neat diesel due to the higher heating value of the diesel fuel and a higher content of oxygen in biodiesel. Also, the viscosity and specific gravity of the biodiesel fuels affects the atomization process as well as the BSFC of the fuel [32, 33] . 
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The general trend of the curves in Figure 7 represents that the BP of crank shaft increases with the increase in BMEP up to a certain value (around 4 bars) of BMEP and then decreases. At around 4 bar, the BP for neat diesel is higher than karanja, pithraj, neem and mahua oil by 16.97%, 34.55%, 38.1% and 45.45% respectively. The calorific value of different fuels is an indication to the energy output by the fuel. Thus, neat diesel has the highest energy output among the others. From Figure 7 , it is also evident that after reaching the full load condition, incomplete combustion takes place and the energy output for all fuels is decreased, which also confirms the earlier reports on biodiesel fuels [5, 34] . The brake thermal energy indicates the proportion of thermal energy extracted by combustion system and transfers the suitable mechanical work to the crank shaft. It can be calculated by the following equation:
where, in equation (2), Ƞb is the brake thermal efficiency in percentage and HV is heating value of the fuel in kJ/kg. Also, it is obvious that the HV varies inversely to the Ƞb. Figure 8 illustrates the variation of thermal efficiency with BMEP for neat diesel and various biodiesel fuels. The trends of the curves follow an increase in the efficiency with the increase in BMEP up to almost 4 bars and then slightly decreased. The initial increase is due to the proper combustion of the fuel and for biodiesel, excess amount of oxygen contributes to a greater extent. However, after reaching full load, the efficiency is decreased due to incomplete combustion of fuel with a higher BSFC [35] . From the above equation, it is clear that the engine torque increases with the engine load and results in higher thermal efficiency. At higher load, more fuel is injected in the combustion chamber and causes incomplete combustion of fuel. Thus, the thermal efficiency is decreased [36, 37] . NOx emission characteristics with respect to various BMEP for neat diesel and different biodiesels are illustrated in Figure 9 . It is observed from the figure that the NOx emission increases with the load as well as with the BMEP for all fuels. This is because NOx emission depends mainly on the oxygen concentration, peak temperature, engine dimension, operating condition and fuel injection angle [38, 39] . As the load increases for the same amount of air in the cylinder, the fuel consumption is increased. As the NOx emission is a function of temperature and it is observed that at the end of the combustion stroke, the temperature of the combustion products rises to around 2600°C. This rise in temperature causes oxidation of the nitrogen and attributes greatly to NOx emission. In contrast, after expansion stroke, the burned gases cool and the NOx freezes but the concentration of the NOx remains unchanged because the production of NOx does not attain the chemical equilibrium reaction state [28] . From Figure 9 , it can be seen that the NOx emission of all biodiesel fuels is higher than the neat diesel, and NOx emission by the fuels can be arranged as:
This fact can be illustrated by the higher amount of oxygen molecules content by biodiesel fuel than the neat diesel and by keeping the other variables (temperature, engine dimension, operating condition and fuel injection angle) constant for all the fuels that support the former analysis [25] . Figure 9 . NOx emission with neat diesel and different biodiesels. Figure 10 demonstrates the variation of CO emission with the BMEP. It is obvious that the CO emission increases with the increase in load. As load is increased, the fuel consumption of the fuel by the engine is also increased. Thus, the time available for the complete combustion of the fuel is not available and incomplete combustion takes place. Also, we know, CxHy+ O2=CO+H2O (limited O2 content) CxHy+ O2=CO2+H2O (excess O2 content) Figure 10 . CO emission with neat diesel and different biodiesels.
From the above chemical reaction, it is evident that the O2 content of the fuel is a predominating factor for the CO emission by the engine. As the load increases, the A/F ratio in the engine cylinder becomes richer, which results in a higher CO emission. But biodiesel has a higher O2 than the diesel fuel and thus the A/F ratio becomes leaner. So, the biodiesel emits less CO than the diesel fuel [40] . At the rated load, diesel fuel produces 27.78%, 29.35%, 33.7%, and 36.96% more CO emission than the karanja, pithraj, neem and mahua biodiesel respectively. Due to the presence of excess O2 molecules in these biodiesels [41] , the CO is further oxidized to produce CO2 and thus results in low CO emission. Also, there are some other causes behind the CO emission by the engine, which are characterized by the quality of diesel fuel used, carbon content in bio diesel, combustion temperature, the type of engine, such as standard, turbo or injector, the state of engine tuning, the fuel pump setting, the workload demand on the engine, the engine temperature, and whether the engine has been regularly maintained or not, etc. [42] .
CONCLUSIONS
The experimental work was conducted to produce the biodiesel from the potential inedible feedstocks in Bangladesh which will be a novel alternative to the traditional diesel fuel. In this work, biodiesel was extracted from the karanja (Pongamia pinnata), pithraj (Aphanamixis polystachya), neem (Azadira chtaindica) and mahua (Madhuca longofolia) seed oil. Their properties were compared and details of their performances were investigated. The following conclusions can be drawn for this work: i. Biodiesel was produced through the transesterification process. The optimum condition for biodiesel production was set close to 22 vol% of methanol, 0.5wt% of NaOH and 55 º C reaction temperatures. In this condition, the maximum biodiesel was obtained 96% for mahua oil, 94% for neem oil, 92% for pithraj oil and 91% for karanja oil. The maximum biodiesel production was determined after 15 hours of reaction time. ii. The different physiochemical properties of biodiesel were evaluated and compared to the diesel fuel. The experimental data show that the characteristics of all four inedible oil as biodiesel are quite close to neat diesel. The density, viscosity, flash point and fire point are higher for biodiesel fuel, which is not desirable but the cetane number of biodiesel is very promising except for Neem oil. iii. Brake thermal efficiency of biodiesel was lower than the diesel at the same rated load due to the lower heating value and higher BSFC of the biodiesel. iv.
Compared to the diesel fuel, higher NOx and lower CO emission of the biodiesel was observed. The high content of oxygen in biodiesel fuel is mainly responsible for these facts. The lower CO emission makes biodiesel fuel environmentally friendly and more attractive. But the NOx emission does not solely depend on the oxygen concentration but also to a greater extent, on the fuel injection timing, unsaturated compounds and some other factors. The NOx emission can be improved by exhaust gas recirculation to make it a potential alternative source of diesel fuel. Thus, from the consideration of 3E's (energy, economy and environment), the biodiesel fuel can be a prospective feedstock for Bangladesh, which is also renewable in nature.
